Thomson-resonant Interference Effects in Elastic X-ray Scattering Near the Cl K Edge of HCl by Carniato, Stephane et al.
Chemistry and Biochemistry Faculty Publications Chemistry and Biochemistry
2012
Thomson-resonant interference effects in elastic x-
ray scattering near the Cl K edge of HCl
Stephane Carniato
University of Paris
P. Selles
University of Paris
Loic Journel
University of Paris
Renaud Guillemin
University of Paris, renaud.guillemin@upmc.fr
Wayne C. Stolte
University of Nevada, Las Vegas, wcstolte@lbl.gov
See next page for additional authors
Follow this and additional works at: http://digitalscholarship.unlv.edu/chem_fac_articles
Part of the Biological and Chemical Physics Commons, and the Chemistry Commons
This Article is brought to you for free and open access by the Chemistry and Biochemistry at Digital Scholarship@UNLV. It has been accepted for
inclusion in Chemistry and Biochemistry Faculty Publications by an authorized administrator of Digital Scholarship@UNLV. For more information,
please contact digitalscholarship@unlv.edu.
Citation Information
Carniato, S., Selles, P., Journel, L., Guillemin, R., Stolte, W. C., El Khoury, L., Marin, T., Gel'mukhanov, F., Lindle, D. W., Simon, M.
(2012). Thomson-resonant interference effects in elastic x-ray scattering near the Cl K edge of HCl. Journal of Chemical Physics 1-6.
http://digitalscholarship.unlv.edu/chem_fac_articles/85
Authors
Stephane Carniato, P. Selles, Loic Journel, Renaud Guillemin, Wayne C. Stolte, L. El Khoury, T. Marin, Faris
Gel'mukhanov, Dennis W. Lindle, and Marc Simon
This article is available at Digital Scholarship@UNLV: http://digitalscholarship.unlv.edu/chem_fac_articles/85
THE JOURNAL OF CHEMICAL PHYSICS 137, 094311 (2012)
Thomson-resonant interference effects in elastic x-ray scattering near
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We experimentally observed interference effects in elastic x-ray scattering from gas-phase HCl in the
vicinity of the Cl K edge. Comparison to theory identifies these effects as interference effects between
non-resonant elastic Thomson scattering and resonant Raman scattering. The results indicate the non-
resonant Thomson and resonant Raman contributions are of comparable strength. The measurements
also exhibit strong polarization dependence, allowing an easy identification of the resonant and non-
resonant contributions. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4749574]
I. INTRODUCTION
Over the past few decades, with the advent of new-
generation x-ray sources and detectors, the technique of
resonant x-ray scattering (RXS) has developed from fun-
damental pioneering studies1–4 into a powerful tool that
is now used regularly to study atoms,5, 6 molecules,7–15
liquids,16, 17 solids,18, 19 buried interfaces, and even complex
multi-component systems with practical applications, e.g., so-
lar cells.20 By itself, the use of x-rays yields the advantage
of chemical sensitivity because the primary interactions are
with core electrons, which are tightly bound to specific ele-
ments in a sample and easily distinguishable by their binding
energies. At a fundamental level, the well-known Kramers-
Heisenberg formalism21 allows for a detailed understand-
ing of RXS phenomena such as nonlinear dispersion,7, 13, 14
electronic state lifetime interference,10 polarization of molec-
ular fluorescence,8, 9, 15 etc. Within this framework, reso-
nant Raman and non-resonant Thomson contributions must
be included explicitly in order to understand and quantita-
tively analyze elastic x-ray-scattering measurements. They
are coherently superimposed so that their interference effects
are expected to be ubiquitous in gas-, liquid-, and solid-phase
RXS processes.
Such interference effects are largely identified in most
RXS experiments in the solid-phase domain. For example,
effects due to Thomson scattering have been seen in solid-
state x-ray diffraction from CeB6 near the Ce L3 absorption
edge22 and attributed to the anisotropic charge distribution
in the solid. More generally, in RXS interference techniques
these effects are used to reinforce the sensitivity to spe-
cific electronic parameters in the material. Thus, they have
been applied to study charge and orbital ordering in com-
plex systems (single-layered perovskite or superconductor).23
Interference effects are also a key phenomenon in multi-
wavelength anomalous dispersion (MAD) technique exploit-
ing resonance or anomalous scattering close to an edge.24, 25
They are nearly always present in diffraction anomalous fine
structure (DAFS) measuring elastic Bragg reflection intensi-
ties versus photon energy.26
In gas phase, orientation effects in HCl RXS27 and
interference between Thomson and resonant scattering in
CO molecular system28 have been theoretically predicted,
but never observed experimentally. However, recent res-
onant inelastic soft-x-ray scattering observation of strong
Thomson scattering affecting spectral profiles and scattering
anisotropy in dioxygen molecule breaks conventional wis-
dom that Thomson effects are negligible compared to reso-
nant scattering in light elements.11, 12 Following this recent
progress, it is highly interesting to study other examples be-
side the model case of O2 where such effect is expected to be
strong.
In this article, we present the showcase example of elas-
tic x-ray scattering near the Cl K edge of gas-phase HCl.
We demonstrate that Thomson scattering is not negligible
compared to resonant-Raman scattering, and that it is essen-
tial to properly interpret scattering cross sections near core-
level thresholds. Interference effects between the two pro-
cesses are depicted schematically in Fig. 1. They are strongly
evidenced experimentally as a Fano-like profile in elastic-
scattering cross sections in the vicinity of the Cl 1 s−1 → 6σ*
molecular resonance. Detailed theoretical analysis is provided
and confirms these interference effects. In addition, the differ-
ent resonant channels themselves (i.e., scattering through the
molecular resonance and through higher lying 1 s−1–Rydberg
states as well as through the 1 s−1 continuum) interfere with
one another due to the rather large widths of the Cl 1 s−1 va-
cancy states.10
II. EXPERIMENTAL DETAILS
The experimental data were obtained using the polarized-
x-ray-emission endstation at the Advanced Light Source
in Berkeley, California, which has been described in de-
tail elsewhere.9, 15, 29 One significant modification is that the
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FIG. 1. Schematic illustration of the interference between Thomson scatter-
ing and x-ray resonant-Raman scattering from HCl.
gas-sample cell now has a single silicon-nitride window ori-
ented at 50◦ with respect to the incident x-ray beam that func-
tions as both an entrance and an exit window for the in-
cident and scattered x-rays. This geometry minimizes self-
absorption by the sample, a condition required for accurate
measurements of elastic scattering. The instrument also is de-
signed to accurately monitor the incoming photon flux and
sample pressure. All of these capabilities are necessary for
precise measurements of elastic scattering.
Both the beamline monochromator and the x-ray spec-
trometer use Si(111) crystals to disperse the incident and scat-
tered x-rays, for which the Bragg angle near the Cl K edge is
44.5◦, close to the x-ray Brewster angle of 45◦. Hence, the in-
cident light is highly linearly polarized (more than 99%), and
the spectrometer effectively acts as a polarimeter for the scat-
tered x-rays.15 Two complementary geometries were achieved
by rotating the spectrometer with respect to the gas cell and
the remainder of the apparatus: (1) the parallel geometry, in
which the polarization vectors of the incident and scattered
x-rays, e1 and e2, lie along the same axis; and (2) the perpen-
dicular geometry, in which e1 and e2 are 90◦ to one another.
The RXS spectra are then collected by tuning the x-ray spec-
trometer to the elastic-scattering energy region and perform-
ing measurements as a function of the incident energy for the
two geometries. Finally, for this work, the energy width of
the incident x-ray beam was 0.50 eV, similar in magnitude
to the 0.64 eV lifetime of the HCl 1 s−1 → 6σ* molecular
resonance (¯ω* = 2823.5 eV).
III. COMPUTATIONAL DETAILS
A. Methodology
The final state of the photon-in (ω1)-photon-out (ω2) pro-
cess remains the initial electronic ground state, although the
molecule may not be left in its fundamental ν = 0 vibrational
level. The rough doubly differential cross section is given by
σ (ω1, ω2) = ω2
ω1
r20
∑
ν
|Fν(ω1, ω2)|2 δ(ω1 − ω2 − ν + 0),
(1)
where ν refers to the vibrational energy of the final state.
Each scattering amplitude Fν can be written as a coherent con-
tribution of three distinct components: a non-resonant Thom-
son scattering (T); a resonant D contribution from the dis-
sociative 1 s−16σ* state; and a resonant R contribution from
both the 1 s−1 bound Rydberg and continuum states. The lat-
ter R contribution can be subdivided into two parts of differ-
ent molecular symmetry, Rσ and Rπ . Explicitly, the scattering
amplitudes are
Fν = (e2 · e1)ρ(q)δν,0 + 	z Dν
+[	zRσν + (e2 · e1 − 	z)Rπν ]. (2)
The Thomson form factor ρ(q) is the Fourier transform of the
electron density in the initial state, q = k2 − k1 being the
scattering vector.
The kinematic factor 	z = (e2 · ˆR)(e1 · ˆR) depends on
the molecular orientation, ˆR being the unit vector along the
molecular axis.
To simplify the notations, the (ω1, ω2) dependence has
been omitted in the amplitudes.
For a fixed-in-space HCl molecule, the form factor can
be expanded on Legendre polynomials
ρ(q) =
∑
l
ρ
(q)P
(qˆ · ˆR). (3)
Each radial factor ρ
(q) is then given by
ρ
(q) = 2
 + 12
∑
im
Nim
∫
dqˆ〈ψim|eıq·r|ψim〉P
(qˆ · ˆR),
(4)
where Nim is the number of electrons in the ψ im molecular
orbital implied in the fundamental electronic state.
The resonant contributions are expressed according
to the Kramers-Heisenberg formula, within the dipolar
approximation
Rσ,πν =
∑
nj
(ωn + nj − 0)(ωn + nj − ν)〈ν|d∗n|j 〉〈j |dn|0〉
×
[
1
ω1 −ωn −nj + 0 − ın +
1
ω2 +ωn +nj −0
]
.
(5)
Here, n is the nth 1 s−1 core hole state lifetime and ωn
+ nj the energy of its jth vibrational level. The sum is per-
formed over the 1 s−1nsσ 1 and 1 s−1npσ 1 Rydberg states for
the σ symmetry (over the 1 s−1npπ1 ones for the π symme-
try) and their vibrational j levels. The 1 s−1n
 Rydberg states
for n ≥ 5 are modelized together with the continuum, which
is discretized. Each Dν amplitude is given by the same equa-
tion after the following replacements
∑
nj →
∫
d, |j〉 → |〉,
dn → dσ ∗ , ωn + j → ω* + .
Experimental observables are then built from the rough
doubly differential cross sections written in Eq. (1). First of
all, an averaging over all molecular orientations is performed.
The average cross sections obtained for perpendicular and
parallel geometries are, respectively,
σ⊥(ω1, ω2) = r
2
0
15
∞∑
ν=0
ω2
ω1
∣∣Dν +Rσν −Rπν ∣∣2
δ(ω1 − ω2 − ν + 0) , (6)
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σ ‖(ω1, ω2) = r
2
0
15
∑
ν=0
ω2
ω1
{OT δν0 +ODD
+ORR +ODR}δ(ω1 − ω2 − ν + 0). (7)
In the perpendicular configuration, all the Thomson con-
tributions are made inoperative by the molecular orientation
averaging. The cross section is built on the coherent superpo-
sition of only two resonant-Raman contributions
σ⊥(ω1, ω2) = r
2
0
15
∞∑
ν=0
ω2
ω1
|Dν + Rν |2 δ(ω1 −ω2 −ν +0) .
(8)
More precisely it does not depend on each Rσν and
Rπν amplitude separately, but only on their difference
Rν = Rσν −Rπν .
In the parallel configuration, the Thomson contribu-
tions appear in the OT factor that contains direct Thomson-
Thomson T-T (first term, first line of Eq. (9)) as well as
Thomson-resonant interference terms, namely T-D (second
term, first line of Eq. (9)), and T-R terms (second line of
Eq. (9))
OT = 15
∑


|ρ
|2
2
 + 1 + 2Re[(5ρ0 − ρ2)D
∗
0]
+ 2Re[(5ρ0 − ρ2)Rσ ∗0 + (10ρ0 + ρ2)Rπ
∗
0 ]. (9)
The others O factors are resonant-resonant factors, re-
spectively, D-D, R-R, and D-R factors
ODD = 3|Dν |2, (10)
ORR = 3|Rσν |2 + 8|Rπν |2 + 4Re(Rπ∗ν Rσν ), (11)
ODR = 2 Re(3Rσ∗ν Dν + 2Rπ∗ν Dν). (12)
The spectral shape of the incident photon beam is then
taken into account as a normalized gaussian with a FWHM of
0.5 eV. Finally, the singly differential cross sections σ (ω) are
obtained by integrating over all emission events for a given
nominal excitation energy ω. They can be written, respec-
tively, in the perpendicular and parallel geometries as
σ⊥(ω) = r
2
0
15
∞∑
ν=0
〈|Dν +Rσν −Rπν |2〉, (13)
σ‖(ω) = r
2
0
15
∞∑
ν=0
〈OT 〉 δν0 + 〈ODD〉 + 〈ORR〉 + 〈ODR〉. (14)
The bracket notation indicates the convolution with the
incident beam profile, the integration over all emission events
making the singly differential cross section independent of the
spectrometer resolution. For example,
〈ODD〉 =
∫
dω1
ω1 − ν + 0
ω1
×(ω1 − ω)ODD(ω1, ω1 − ν + 0). (15)
B. Molecular parameters
The potential curve for the ground state has been ap-
proximated by a Morse potential the parameters of which
have been published previously.8, 9 Potential curves for 1 s−1
core excited states and electronic wavefunctions (including
that of the ground state) were computed using post Hartree-
Fock configuration interaction (CISD). A large augmented
correlation-consistent-core-valence polarized quadruple zeta
atomic Cartesian-Gaussian basis set (aug-cc-pCVQZ)10 lim-
ited to s, p, and d waves centered on Cl and H atoms was
used. To account for relaxation of the valence orbitals, a set of
Hartree-Fock–self-consistent field (HF-SCF) orthogonal or-
bitals optimized for the Cl 2s−1σ* intermediate core-excited
state was included in the CI active space.10
For all core-excited potentials, vibrational wave func-
tions were calculated using a one dimensional hamiltonian
model as described previously.10 Even if the dipolar approxi-
mation is demonstrated to not be strictly justified (see later in
the text comments on the calculations of the Thomson form
factors), the transition momenta to core excited states were
computed within this approximation. The values recorded in
the length gauge allowed to recover with an excellent agree-
ment the experimental absorption spectrum as displayed in
Figure 2(b).
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FIG. 2. (a) 2D map of the KV emission in HCl as a function of excitation
energy around the 1 s−1 → 6σ* molecular resonance (¯ω* = 2823.5 eV) up
to Cl 1 s ionization threshold (¯ω = 2829 eV). Data were recorded in the
parallel geometry. The elastic x-ray scattering appears as a continuous profile
dispersing linearly with the incoming photon energy. (b) Absorption cross
sections in arbitrary units as a function of incoming photon energy in eV.
Data points are shown as circles, and theoretical results as a solid line. They
are normalized at the maximum of the signal.
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From the 1 s−15s Rydberg state up to the continuum, all
the potential curves were assumed parallel. Their minimum
corresponds nearly to the ground state equilibrium distance.
The density of states and the transition momenta were numer-
ically adjusted to match the relative intensity measured above
the Cl K-edge in the photoabsorption spectra. The agreement
between theoretical and experimental absorption cross sec-
tions is excellent, as displayed in Fig. 2(b).
The ρ
(q) radial factors were calculated thanks to Gauss-
Legendre and Gauss-Laguerre quadratures. They were found
to vary by about 0.5% in the energy range of interest, and
were thus held constant in the calculations. At the resonance
energy ω*, the six first moduli were obtained to be: ρ0 = 13,
51, ρ1 = −0.156 i, ρ2 = −0.358, ρ3 = −0.404 i, ρ4 = 0.174
and ρ5 = 0.029 i. The ρ0 value is not equal to the number
of electrons in the HCl molecule Z = 18, indicating that the
dipolar approximation is not strictly justified.
IV. RESULTS AND DISCUSSION
KV emission from HCl was recorded by varying the ex-
citation photon energy between 2817.5 and 2832 eV in the
energy region containing the 1 s → 6σ* resonance and the Cl
1 s ionization threshold. Figure 2 shows the 2D map of the
KL spectra recorded as a function of excitation energy. Three
“lines” are visible in the 2D map corresponding to the 1
state, the 1 state, and the elastic emission.7 The elastic scat-
tering appears as a continuous profile dispersing linearly with
the incoming photon energy. The singly differential cross sec-
tions were obtained by integrating all the events in the elastic
profile along a vertical line corresponding to a given excita-
tion energy. Figures 3 and 4 display a comparison between
experimental and theoretical singly differential cross sections
obtained in the parallel and perpendicular geometries, respec-
tively. An absolute scale given in atomic units is now pro-
vided by the theoretical calculations. In the parallel geometry,
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FIG. 3. Singly differential cross sections in atomic units as a function of
incoming photon energy in the parallel geometry.
1.0x10
-7
0.8
0.6
0.4
0.2
0.0
D
if
fe
re
nt
ia
l c
ro
ss
 s
ec
ti
on
 (
a.
u.
)
2830282528202815
Photon energy (eV)
 T-T
 D-D
 T-D
 T-R
 D-ΔR
 ΔR-ΔR
 Theory
 Exp.
FIG. 4. Singly differential cross sections in atomic units as a function of
incoming photon energy in the perpendicular geometry.
a background of an amount of 40% was subtracted from the
rough experimental intensities before they were normalized
to the theoretical cross sections at the maximum of the signal.
The origin of this background may probably be partly due
to elastic scattering by the window of the gas cell as already
suggested.11 We also found that contribution from the 1 s−1
continuum left a sensitive imprint on the low energy side. So
that modifying the modelization of this continuum induced a
different ratio between the mean maximum and the left tail
and consequently a different normalization procedure for the
experimental data. In the most favourable case, a background
of only 25% had to be subtracted from the measured intensi-
ties. In the perpendicular geometry, the experimental results
were normalized to the theoretical ones to the maximum of
the signal. Both data sets exhibit a dominant peak near the
Cl 1 s−1 → 6σ* resonance. A secondary peak in the vicinity
of 2827 eV is also observable in both theoretical and experi-
mental perpendicular cross sections and in theoretical parallel
cross sections. It is however hardly distinguishable in exper-
imental parallel cross sections. This peak corresponds to the
excitation of Rydberg 1 s−14 n states. At the same time, sig-
nificant differences are clearly identifiable between the two
geometries. The most important singular characteristic
concerns the asymmetric Fano-like profile, which is unam-
biguously enlightened in the parallel geometry on both the-
oretical and experimental cross sections. It displays a local
minimum at 2821 eV and a shoulder at 2825 eV. This pro-
file is the signature of interferences between Thomson and
resonant scatterings. These interference effects are also re-
sponsible for the shift towards the high energy side of the
main maximum in the parallel geometry compared to the per-
pendicular geometry. In this latter case, the peak appears at
the resonance energy ω* = 2823.5 eV, because it is free of
Thomson contributions and is quite exclusively made by the
D-D contribution, as shown in Fig. 4. In the parallel geome-
try, theoretical cross sections clearly highlight a 0.4 eV offset.
094311-5 Carniato et al. J. Chem. Phys. 137, 094311 (2012)
Experimental cross sections show a slightler shift (around 0.1
eV). Discrepancy about this shift may be due once again to
the modelization of the continuum the effects of which are
enhanced by its interference with the non resonant Thomson
contribution.
The whole set of properties of the singly differential cross
sections can be well understood thanks to the details provided
by the calculated different contributions displayed in Figs 3
and 4. Looking first at the parallel geometry (Fig. 3), one
finds the remarkable result that the largest contributions are
due to Thomson scattering, both through the direct (T-T) term
and the Thomson-resonant interference terms (T-D and T-R).
This unusual behavior has two physical origins: first, the res-
onant contribution is somewhat lessened by the large Franck-
Condon width (≈1.6 eV) of the Cl 1 s−16σ* dissociative state,
then the Thomson scattering is relatively strong because al-
most all 18 electrons in the molecule contribute. In this par-
allel geometry, the interference terms appear clearly to be re-
sponsible for the Fano-like profile of the main peak, adding
destructively on the low-energy side and constructively on the
high-energy side.
In the perpendicular geometry (Fig. 2), Thomson scat-
tering is inoperative. The largest component comes from the
direct D-D scattering by the molecular resonance; its contri-
bution is responsible by itself for the main peak. As already
explained, this property is responsible for the location of the
maximum at the resonance energy. The magnitude and shape
of the secondary peak at 2827 eV originate from the (D-R)
and (R-R) contributions and are thus tied to the anisotropy
of the Rydberg and continuum states. This secondary peak
would be absent if Rν were zero.
All these properties are confirmed by the overall ex-
cellent agreement between experiment and theory in both
geometries.11 One questionable point remains to be discussed;
it concerns the secondary maximum in the parallel geom-
etry around 2827 eV. More experimental points in this re-
gion would be necessary to check definitively the height of
this local maximun. If the secondary maximum there was
confirmed to be very low while the experimental absorp-
tion spectrum displayed in Fig. 2(b) exhibits around 2827 eV
an important maximum due to 4 s and 4 p contributions, we
should consider a theoretical description extended beyond the
dipolar approximation, as suggested by the values obtained
for the Thomson factors. In such a non dipolar description,
the Rydberg n = 4 contributions could interfere destructively
with each other or/and with the Thomson contribution while
they add incoherently in the building of the absorption cross
sections.
In conclusion, elastic x-ray scattering was investigated
around the Cl K edge of HCl. The scattering cross sections
and profiles exhibit significant polarization sensitivity, mea-
sured experimentally by selecting parallel or perpendicular
geometries for the polarization of the incident and scattered
x-rays. The two geometries are complementary as they are
able thanks to a detailed comparison between experiment and
theory to enlighten different pertinent properties of the elas-
tic scattering. In the parallel geometry strong interference ef-
fects between classical non-resonant Thomson scattering and
resonant scattering through both the 6σ* state, the Rydberg
core-excited states, and the 1 s−1 continuum, were identified.
Their strength was shown to be due to a comparable mag-
nitude of the Thomson and resonant-scattering contributions.
Interference effects between Thomson and resonant scatter-
ings are certainly a general phenomenon in the x-ray regime.
They can be used as a stringent test for theoretical models.
Definitively, Thomson scattering will need to be considered
in interpreting elastic scattering from any sample, includ-
ing gases, liquids, and condensed phases. On the other hand,
Thomson scattering may be a drawback as it strongly affects
the vibrational progression of the elastic peak, preventing to
quantify the ultra fast nuclear motion.7, 30 Then the perpen-
dicular geometry which is free of Thomson contributions be-
comes perfectly suited for such a study. Interference between
resonant contributions trough different Rydberg and/or con-
tinuum states are also accessible via detailed comparison of
theory and experiment. More particularly, anisotropy of Ryd-
berg and continuum states was evidenced in the perpendicular
geometry.
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